During metastasis to distant sites, tumor cells migrate to blood vessels. In vivo, breast tumor cells utilize a specialized mode of migration known as streaming, where a linear assembly of tumor cells migrate directionally towards blood vessels on fibronectincollagen I-containing extracellular matrix (ECM) fibers in response to chemotactic signals. We have successfully reconstructed tumor cell streaming in vitro by co-plating tumors cells, macrophages and endothelial cells on 2.5 μm thick ECM-coated micro-patterned substrates. We found that tumor cells and macrophages, when plated together on the micro-patterned substrates, do not demonstrate sustained directional migration in only one direction (sustained directionality) but show random bi-directional walking. Sustained directionality of tumor cells as seen in vivo was established in vitro when beads coated with human umbilical vein endothelial cells were placed at one end of the micro-patterned 'ECM fibers' within the assay. We demonstrated that these endothelial cells supply the hepatocyte growth factor (HGF) required for the chemotactic gradient responsible for sustained directionality. Using this in vitro reconstituted streaming system, we found that directional streaming is dependent on, and most effectively blocked, by inhibiting the HGF/C-Met signaling pathway between endothelial cells and tumor cells. Key observations made with the in vitro reconstituted system implicating C-Met signaling were confirmed in vivo in mammary tumors using the in vivo invasion assay and intravital multiphoton imaging of tumor cell streaming. These results establish HGF/C-Met as a central organizing signal in blood vessel-directed tumor cell migration in vivo and highlight a promising role for C-Met inhibitors in blocking tumor cell streaming and metastasis in vivo, and for use in human trials.
INTRODUCTION
During systemic cancer metastasis, tumor cells are relocated from the primary tumor to secondary sites during a process called dissemination, [1] [2] [3] [4] [5] resulting in metastasis, which is the major cause of death in breast cancer patients. [6] [7] [8] Intravital imaging at singlecell resolution in mammary tumors has shown that dissemination requires cell migration, which involves a change in phenotype from a growing cohesive epithelium to discohesive, invasive and migratory tumor cells. [9] [10] [11] [12] [13] The end result is the rapid directed migration of tumor cells involved in paracrine signaling chemotaxis, which autonomously form linear patterns called streams. 9, 11, 14 Streaming cells migrate directionally towards blood vessels at speeds exceeding 3 μm/min and can intermittently disseminate large numbers of tumor cells to distant sites with rapid kinetics. [15] [16] [17] [18] At the blood vessel surface the streaming tumor cells interact with intravasation doorways called TMEM (tumor microenvironment of metastasis), composed of three cells in direct contact: a Mena-overexpressing tumor cell, proangiogenic TIE2 Hi /VEGF Hi macrophage and the subluminal side of an endothelial cell. 9, 18, 19 TMEM support transendothelial migration of the tumor cells from the stream. Intravital imaging at single-cell resolution and photoconversion lineage tracing have shown how single tumor cells within streams interact with TMEM and undergo intravasation at TMEM, thereby causing dissemination into the blood. 18, 20 Tumor cells are then carried in the vasculature to distant sites to form metastatic foci. 21, 22 In breast tumors, transient vascular permeability and its associated tumor cell intravasation occur only at TMEM. 18 The number of TMEM structures in the breast tumor is predictive of distant metastasis in breast cancer patients. [23] [24] [25] Investigating the mechanisms and signals that govern how tumor cells move within the primary tumor towards blood vessels is essential in order to understand and prevent metastatic dissemination. Previous work has identified some of the signals involved in streaming migration. 10, 15, 26, 27 Streaming tumor cells migrate along fibronectin-containing collagen1 fibers that serve as highways directed towards the blood vessels. 14, 28, 29 Macrophages aid in this streaming phenomenon via the epidermal growth factor (EGF)-colony-stimulating factor 1 (CSF1) paracrine loop, where the tumor cells secrete CSF1 but express epidermal growth factor receptor (EGFR) and the macrophages secrete EGF but express colony-stimulating factor 1 receptor (CSF1R) to form pairs of macrophages and tumor cells mutually attracted by this paracrine signaling loop. 26, 30 In inflammatory human breast cancer, the tumor cells themselves may also express CSF1R, leading to an autocrine signal between tumor cells, resulting in the pairing of tumor cells to form streams independently of macrophages. 10, 31 A commonly observed type of streaming in both human and rodent mammary tumors involves paired tumor cells and macrophages, where these pairs form linear streams of tumor cells and macrophages that migrate towards blood vessels. 11, 15 The formation of pairs and streams from these heterogeneous cell interactions is a highly organized cell autonomous phenomenon involving signaling rules that have been elucidated both experimentally and with mathematical models. 14, 32 As a result, pairing and streaming can be reconstituted from purified tumor cells and macrophages when placed on either fibronectin-collagen1 fibers or fibronectin-collagen1 strips in vitro. 14, 33 Expression profiling of the tumor cells involved in streaming migration and TMEM function reveals an increase in expression of genes associated with the Mena-Cofilin pathway that regulates actin polymerization during chemotaxis and invasion of tumor cells. 11, 34, 35 Mena is an actin-binding protein that is involved in the regulation of Cofilin-stimulated actin polymerization. 36, 37 This pathway causes the localized activation of Cofilin's actin polymerization activity, thereby regulating chemotaxis and invadopodium assembly. 38, 39 Of particular significance to the mechanism of steaming and tumor cell dissemination is the finding that Mena is differentially spliced in streaming and disseminating tumor cells showing the splicing pattern Mena INV-high /Mena11a low . 9, 20, 40 The Mena INV isoform has been shown to increase the amount of tumor cell streaming, invasion and dissemination in vivo when overexpressed in tumor cells. 9, 19, 41 One mechanism by which Mena enhances tumor cell invasion and migration is through the sensitization of tumor cells to ligands for receptor tyrosine kinases such as EGF and hepatocyte growth factor (HGF). 41, 42 The enhanced sensitivity to EGF increases the ability of tumor cells to degrade matrix, thereby facilitating invasion, and to also interact with macrophages to form migrating streams. 19, 42 The splicing pattern Mena INV-high /Mena11a low is correlated with TMEM assembly and is required for macrophage-induced transendothelial migration in TMEM. 20 These results explain why the Mena INVhigh /Mena11a low splicing pattern is predictive of metastatic relapse and poor survival in breast cancer patients. 43, 44 Previous work has shown that, while the EGF-CSF1 paracrine loop between the tumor cells and macrophages mediates pairing and stream formation, 10, 11, 14, 19 these signals alone are not sufficient for sustained directional migration (sustained directionality) towards blood vessels. Further study has distinguished additional signals that are involved in streaming from those that are not. For example, TIE2, VEGF and CXCL12 (SDF1) signaling are all involved in tumor cell-blood vessel interactions and invasion 18, 35, 41, 45, 46 and HGF lies at the center of signaling interactions predicted in streaming tumor cells. 35 Patients with increased C-Met expression have overall worse survival. 45 Furthermore, it has been demonstrated that Mena INV overexpression is present in streaming tumor cells 19, 40 and that Mena INV enhances the sensitivity of tumor cells towards both EGF and HGF, identifying both signals as possible candidates for regulating directional migration of tumor cell streams towards blood vessels. 41 In this paper, we have investigated the importance of HGF signaling in the directional migration of breast tumor cells and how it might be integrated with the CSF1/EGF paracrine signaling loop to organize streaming towards blood vessels in vivo.
RESULTS
Sustained directionality of tumor cell migration requires additional signals beyond the CSF1/EGF paracrine loop Previously, we established an in vitro linear micro-patterned substrate assay(1D assay) to reconstitute macrophage and tumor cell interactions observed on fibronectin-collagen1 fibers in mammary tumors in vivo. 14, 33 Using this assay, we were able to recapitulate the in vivo findings that tumor cells and macrophages interact and migrate towards each other to form pairs using the EGF/CSF1 paracrine loop and that the pairs form linear streams of cells, aligned on fibronectin collagen-containing fibers, with elevated velocity and persistence over short intervals of time. 14, 33 Here we have repeated this assay and, while the previous results were confirmed, we found that the pairing and streaming formed in response to EGF/CSF1 paracrine signaling alone was not sufficient to support sustained directionality of either cell type (Figure 1 and Supplementary Movie 1). This is in stark contrast to what is observed in vivo, where tumor cells and their associated macrophages directionally migrate towards blood vessels over long periods of time. 19, 47, 48 Sustained directionality of tumor cell migration requires endothelial cells and is distance dependent Since tumor cells preferentially migrate towards blood vessels in vivo, we hypothesized that endothelial cells contribute to sustained tumor cell directionality. To test this hypothesis, human umbilical vein (HUVEC) endothelial cells coated onto Sephadex beads were added into the 1D assay with the tumor cells. We observed that tumor cells exhibit sustained directionality of streaming towards the endothelial cells ( Figures 2a and d and Supplementary Movie 2), but if the tumor cells were more than 500 μm away from the bead, sustained directionality was no longer observed ( Figures 2b and d and Supplementary Movie 3). However, adding macrophages allowed the tumor cells to exhibit sustained directionality towards the endothelial cells beyond the 500 μm distance from the endothelial cells ( Figures 2c and d and Supplementary Movie 4).
Endothelial cells signal directional migration using soluble HGF
To identify the signal from endothelial cells causing directional migration of tumor cell streams, Boyden chambers were set up as shown in Figure 3a , where tumor cells were plated on top of the membrane and HUVEC cells or HUVEC conditioned media (CM) were plated at the bottom of the well. The tumor cells were able to migrate towards the endothelial cells and towards the HUVEC conditioned media (Figure 3b ), suggesting that the signal is a soluble factor secreted into the media by the endothelial cells. This effect was not tumor cell line specific since both human MDA-MB-231 and rat MTLn3 breast tumor cells were also able to migrate towards HUVEC cells (Supplementary Figures S1A and B and Supplementary Movie 1). In addition, MTLn3 cells were able to migrate towards both HUVEC and rat lung micro-vascular endothelial primary cells ( Supplementary Figures S1C) .
Based on the signaling pathways implicated in the breast tumor Invasion Signature, 15, 34, 35, 49 potential candidate signaling molecules were tested, including SDF-1, HGF, Ang1, Ang2, VEGF, EGF and CSF-1 ( Figure 3b ). Out of these candidate signaling molecules, addition of HGF or EGF to the bottom well produced the most robust migration of tumor cells. EGF has been previously described as an important chemoattractant for tumor cell migration 9,50 and inhibiting EGF with 1 μM Iressa blocked migration as expected ( Figure 3b ). The role of HGF in directed tumor cell migration towards endothelial cells, however, is less well documented. As such, we performed western blots for HGF and C-Met (HGF receptor) to confirm that tumor cells have the receptor to HGF (C-Met) and endothelial cells produce HGF. In addition, tumor cells were found to express HGF ( Figure 3c ). While tumor cells expressed both HGF and C-Met, the migration of the tumor cells in response to autocrine HGF was less compared to tumor cell migration towards endothelial cells ( Figure 3d ). When C-Met inhibitors PF04217903 [51] [52] [53] and Altiratinib 54 were added to the transwells, tumor cell migration towards the HUVEC conditioned media was inhibited ( Figure 3e ).
To assess the relative importance of HGF secreted from either tumor cells or endothelial cells, ELISA assays were performed. HGF secretion by HUVECs was measured to be around 46.5 pM by ELISA (Supplementary Figure S3A ). HGF secretion by MTLn3 tumor cells was measured to be around 4.6 pM, which is below the reported Kd value (30 pM) for the high-affinity C-MET receptor. 55, 56 Using these ELISA values, the local concentration of HGF secreted from the endothelial cell beads and from MTLn3 tumor cells in the 1D assay was calculated (Supplementary Materials and Methods). These calculations reveal that the HUVEC endothelial cell beads can secrete around 2.1 nM HGF into the media while tumor cells in the same volume secrete~1.4 pM of HGF into the 1D assay. The numbers suggest that MTLn3 tumor cells would not be able to sense the autocrine tumor cell source of HGF compared to the paracrine HGF.
Recent evidence has demonstrated that TIE2 and VEGFR2 are associated with tumor cell dissemination at the blood vessel endothelium. 18 We found that inhibiting TIE2 and VEGFR2 receptors with Rebastinib and VEGFR2 blocking antibodies at the concentrations near the IC50 57-60 and ND50 [61] [62] [63] [64] and sufficient to inhibit vascular permeability and intravasation in vivo 18 had no effect on tumor cell migration (Figure 3e ). Figure S3B ). When macrophages were added to the bottom chamber with endothelial cells, more pronounced migration of tumor cells occurred (Supplementary Figure S3b Chemotactic index, a measure of the ability of crawling cell to follow a chemotactic gradient, was determined for tumor cells in response to HGF stimulation. The chemotactic index was calculated as described in Supplementary Figure S2C and previously. [65] [66] [67] Tumor cells demonstrated significant chemotaxis to gradients of HGF delivered from a point source (Supplementary Movie 2), and had a higher chemotactic index compared to control cells and SDF1 stimulated tumor cells ( Supplementary  Movie 3 and Supplementary Figures S2D and E) , demonstrating that the directional migration to HGF is a chemotactic response. The ability of tumor cells to have a high chemotactic index in response to HGF demonstrates that tumor cells are not simply undergoing chemokinetic responses to HGF. This is consistent with the finding that when HGF is placed in both the top and bottom chambers of the transwell, the ability of tumor cells to undergo efficient chemotaxis towards the bottom of the transwell was abolished (Supplementary Figure S2A) . These results strongly implicate the HGF/C-Met signaling axis in tumor cell chemotaxis towards endothelial cells.
However, knockdown of C-Met in the tumor cells blocked the migration of tumor cells towards HUVEC endothelial cells in transwells (Figures 3f and g). Knockdown of HGF in the HUVEC cells inhibited the migration of tumor cells towards endothelial cells in transwells (Supplementary

Sustained directionality towards endothelial cells is inhibited by blocking HGF/C-Met signaling
To confirm that the C-Met/HGF signaling axis is required for sustained tumor cell directionality towards endothelial cells, sustained directionality of tumor cells towards endothelial cells was measured in the 1D assay ( Figure 4 ). We found that sustained tumor cell directionality could be inhibited by knocking down the C-Met receptor in the tumor cells ( Figure S5 ). These results are consistent with the Boyden chamber results above and the calculations of the relative amounts of HGF secretion by endothelial cells and tumor cells (Supplementary Materials and Methods) which concluded that tumor cell secreted HGF is not a detectable signal during sustained directional migration of tumor cells towards endothelial cells.
We next tested the C-Met inhibitors PF04217903 [51] [52] [53] and Altiratinib 54 in the 1D assay to assess their effects on sustained 
C-Met inhibition affects tumor cell migration in vivo
The results above point to a central role for HGF in sustained tumor cell directionality during streaming migration of tumor cells towards endothelial cells. The key question is 'Does HGF play the same role in sustained directional migration of tumor cells in vivo?' We investigated this using the in vivo invasion assay 19, 68 and via intravital imaging. Using the in vivo invasion assay, we found that in both orthotropic MTLn3 tumors and spontaneous PyMT tumors tumor cells migrate towards HGF in vivo, demonstrating the usual biphasic dose response curve that peaks near the center of the chemotactic dose response as described previously 19 (Figures 5a and b) . MTLn3 tumor cells could be further sensitized towards HGF in vivo when they were overexpressing Mena INV but not Mena11a (Figure 5c ), consistent with previous studies demonstrating that streaming of tumor cells in vivo has elevated Mena INV expression. 19 In addition, the sensitivity of tumor cells towards HGF was ablated when MTLn3 tumor cells were overexpressing Mena11a (Figure 5c ), which was shown previously to reduce streaming migration and metastasis in mammary tumors in vivo. 19 The relative importance of HGF in tumor cell chemotaxis in vivo was investigated using the same inhibitors in Figure 4 . The ability to collect tumor cells in this assay is a direct measure of directional tumor cell streaming migration in vivo. 26, 68 Inhibition of tumor cell migration towards the HGF gradient in the in vivo invasion assay was achieved by addition of the C-Met inhibitors Altiratinib or PF04217903 or the EGFR inhibitor Iressa and CSF1R inhibitor DCC-3014 14, 30, [51] [52] [53] [54] [69] [70] [71] (Figure 5d ).
Using intravital imaging with dendra photo-conversion as described previously, 16, 17, 19, 47 we were able to measure the number of tumor cells migrating away from the site of photoconversion inside the primary tumor in vivo (Figure 5e ). Addition of the C-Met inhibitor completely blocked the 20% of tumor cells that typically migrate in 24 h out of the photo-conversion site in the primary tumor ( Figure 5f ) and led to an increase in overall cell counts due to proliferation of stationary tumor cells as documented previously. 47 We next investigated the requirement of HGF signaling for blood vessel-directed migration of tumor cells in vivo using intravital imaging (Figure 5g ). We found that robust directed tumor cell migration towards blood vessels was dramatically blocked by C-Met inhibition (Figures 5g and h) . In addition, the number of circulating tumor cells was reduced in the presence of C-Met inhibitor (Figure 5i) , consistent with the requirement for directed tumor cell migration towards blood vessels for intravasation. 18 The above in vitro and in vivo results predict the presence of a gradient of HGF associated with blood vessels in situ. To investigate this, immunofluorescent staining for HGF in PyMT tissue sections was performed. Immunofluorescent staining for HGF in PyMT tissue sections demonstrated that a gradient of HGF exists with higher levels of HGF near the vessel (Supplementary Figure S4A ). Using the immunofluorescence data, we were able to approximate the average fluorescent intensity of HGF being secreted from the blood vessel as a logarithmic function (Supplementary Figure S4B ). Using the logarithmic function, we were able to estimate the concentration of HGF to distances up to 400 μm away from the blood vessel (Supplementary Materials and Methods). At 400 μm away from the blood vessel, the calculated HGF concentration is 23.5 pM, which is close to the KD value of the high-affinity C-MET receptor. These findings match published data demonstrating that gradients in breast tumors can exist up to 300-400 μm away from a point source in vivo. 26, 72 . This calculation demonstrates that tumor cells would be able to sense the HGF secreted by endothelial cells for chemotaxis at this distance.
DISCUSSION
In mammary tumors, tumor cells exhibit sustained directionality of migration as linear chains of cells, a process called streaming, in association with fibronectin-collagen1 containing fibers towards blood vessels. 11, 15, 19, 31, 47 Previous work also demonstrated that streaming in vivo could be partially blocked by inhibiting the CSF-1/EGF paracrine loop to disrupt tumor cell-macrophage interactions. 10, 19 However, the question remained-what is the primary signal causing directional migration of tumor cells towards blood vessels in mammary tumors? Our current work answers this question and demonstrates that tumor cells are attracted to endothelial cells in mammary tumors via the HGF/C-Met signaling axis. Using the 1D assay described here, Boyden chambers, and in vivo techniques including intra-vital imaging and the in vivo invasion assay, HGF/C-Met signaling was implicated as the main signal for sustained directional streaming of tumor cells towards endothelial cells both in vitro and in vivo. We have also established through immunofluorescent staining and calculations that a gradient of HGF exists to direct tumor cells towards blood vessels in situ.
Our in vitro results are summarized in the model shown in Figure 6 . We have shown that tumor cells within 500 μm of the endothelial cells will chemotactically follow the gradient of endothelial cell released HGF. In the presence of macrophages the distance of response of tumor cells to endothelial HGF is extended to distances greater than 500 μm as the macrophages pair with tumor cells under the control of the EGF/CSF1 paracrine loop, thereby drawing tumor cells into the stream from farther away from the blood vessel. Macrophages also enhance the sustained directional migration of tumor cells towards endothelial cells when tumor cells are 0-500 μm away from the endothelial cells. However, macrophages are not absolutely required for directional migration of tumor cells when close to the endothelium. These findings are in agreement with previous data demonstrating the importance of the EGF/CSF1 paracrine loop in tumor cell streaming. 10, 19 Our calculations based on in situ data and intravital imaging estimate that tumor cells are able to sense HGF up to 400 μm away from the blood vessel, which matches previously published data that gradients in breast tumors can exist up to 300-400 μm away from the point source. 26, 72 This sequence of signaling events in vitro and in vivo accounts for the observations that macrophages and tumor cells stream together towards blood vessels in vivo, that inhibition of the EGF/CSF1 Paracrine loop can diminish streaming, and that streaming towards blood vessels is most sensitive to inhibition of HGF signaling.
Increased C-Met signaling has been correlated with reduced survival of breast cancer patients. [73] [74] [75] This is consistent with our findings that the C-Met signaling pathway mediates the migration of tumor cells towards blood vessels during early steps of dissemination leading to metastasis. Furthermore, we have demonstrated here that tumor cells are sensitized to HGF when the tumor cells are overexpressing Mena INV and desensitized when overexpressing Mena11a. These results are in agreement with previous work 9, 19, 40 demonstrating that Mena INV increases the amount of directional streaming and intravasation of tumor cells, leading to increased metastasis, while Mena11a overexpression reduces these tumor cell phenotypes in vivo. In additional, our results help to explain why the Mena expression pattern of Mena INV-high and Mena11a -low is correlated with perivascular markers of dissemination including TMEM 20 and predict poor outcome in breast cancer patients. 43, 44 Our current work provides additional evidence supporting the recent findings that the Mena INV-high /Mena11a low expression pattern increases the sensitivity of the EGFR and C-Met receptor. 19, 20, 41 We postulate that Mena INV overexpression is the underlying cause for worse overall disease-free survival in breast cancer patients with the Mena INVhigh /Mena11a low expression pattern because Mena INV overexpression increases the sensitivity of the tumor cells to both HGF and EGF, leading to greatly enhanced and sustained directionality of tumor cells towards blood vessels and tumor cell dissemination, both of which have been shown separately to be predictors of poor overall outcome 73, 76 SDF1 (CXCL12) and its receptor CXCR4 have been documented to be important in tumor cell invasion and motility. [77] [78] [79] [80] [81] [82] It is possible that both the SDF1/CXCR4 signaling pathway and HGF/C-Met signaling pathway may work together to attract tumor cells towards the blood vessel. Our current work, however, strongly supports the conclusion that the HGF/C-Met signaling pathway is the main signaling pathway for tumor cell-directed motility towards blood vessel in vivo since inhibition of C-Met dramatically inhibits migration towards blood vessels, as shown here, compared to the relatively partial inhibition of migration towards blood vessels upon inhibition of SDF1/CXCR4 signaling reported previously. 46 Hernandez et al. have documented that parental MTLn3 tumor cells do not endogenously express the CXCR4 receptor and only when CXCR4 was artificially overexpressed did parental MTLn3 tumor cells demonstrate a chemotactic response towards SDF1. 46 Our current results support these findings since chemotaxis of tumor cells towards HGF but not SDF1 was observed in cells overexpressing Mena INV . In addition, enhanced Mena INV expression is found in migrating tumor cells in vivo 19, 40 and Mena INV dramatically increases the sensitivity of these tumor cells towards HGF, 41 supporting our finding that HGF is the main chemotactic factor attracting tumor cells towards blood vessels and ultimately towards the TMEM intravasation sites in vivo.
MATERIALS AND METHODS
Cell culture
All cell lines used here have been described previously and are detailed in Supplementary Materials and Methods.
In vitro 1D assay 5 × 10 3 MTLn3 tumor cells were plated per well in the CYTOO chamber and labeled with Celltracker dye. 1 × 10 3 macrophages and 10-15 HUVEC beads were plated per well. Inhibitors were added as needed. L15+5% FBS was added until the final volume per well was 200 μl. Time-lapse images were obtained on the wide-field DeltaVision microscope (Applied Precision LLC, Issaquah, WA, USA) equipped with a Photometrics CoolSnap HQ2 CCD camera (Photometrics, Tucson, AZ, USA) and NanoMotion III stage (Nanomotion, Ronkonkoma, NY, USA). Tumor cell centroids were tracked for a minimum of 30 frames. Additional details are given in the Supplementary Materials and Methods.
Transwell assay 5 × 10 4 HUVEC endothelial cells were plated per well in a 24-well plate and 2.5 × 10 4 MTLn3 cells labeled with Celltracker dye were plated in the upper chambers of 8.0 μm pore PET Membrane transwells (Falcon 353097, Corning, NY, USA). Cells were allowed to migrate for 16 h towards the bottom well. Cells were fixed with 4% paraformaldehyde and cells in the upper chamber were removed using a cotton swab. Chambers were imaged at 20 × and 8-10 fields per chamber were counted for cells. Ang1, Ang2, VEGF, EGF, CSF1 and SDF1 concentrations were used near the KD values. [83] [84] [85] [86] [87] [88] Inhibitors and other reagents Rat recombinant HGF (80429-RNAH) was purchased from Sino-Biological (Beijing, China). Celltracker dye was purchased from Life Technologies (Carlsbad, CA, USA). DCC-3014, Altiratinib and Rebastinib were generously provided by Deciphera (Lawrence, KS, USA). PF04217903 (4239) and Gefitnib (Iressa) was purchased from Tocris (Avonmouth, UK). VEGFR2 blocking antibody (AF357) was purchased from R&D (Minneapolis, MN, USA). Rebastinib was used at the IC50 value of 5 nM. [57] [58] [59] [60] 89 VEGFR2 neutralizing antibody was used at the Neutralization-dose-50 (0.25 μg/ mL). [61] [62] [63] PF04217903 was used at Ki 7 nM. [51] [52] [53] Altiratinib was used at the IC50 value of 5 nM. 54 DCC-3014 was used at IC50 of 10 nM. 69 Iressa was used at 1 μM, the optimum concentration for inhibition of EGFR. 14, 30, 70, 71 Animal models
In vivo studies were performed in PyMT mice and orthotopic tumors derived from injecting MTLn3 cells into SCID mice as previously described. 19 All studies involving mice were carried out in accordance and approved by the Albert Einstein College of Medicine Animal Care and Use Committee.
In vivo invasion assay
Collection of actively migrating cells into needles placed into live anesthetized animals was performed as previously described 35, 68, 90 except that rat recombinant HGF was used as a chemoattractant in the needles. Inhibitors to EGFR, CSF1R or C-Met were added with the HGF in the collection needles as listed so that distribution of the drugs was uniformly delivered at the site of measurement.
Intravital imaging
Intravital multiphoton imaging was performed as described previously 17, 19, 91 using a custom-built multichannel two-laser microscope previously reported 17 or the Olympus IX70 microscope (Waltham, MA, USA). 31 Details unique to this paper are given in Supplementary Materials and Methods.
Statistical analysis
Statistical analysis was conducted using one-way ANOVA or unpaired, twotailed Student's t-test. Statistical significance was defined as Po0.05. All graphs are displayed as mean ± s.e.m. Group size was selected based on cell, reagent or animal limitations while still achieving statistically relevant results. For ANOVA tests, all P values were adjusted by not assuming equality of variances.
